Introduction {#Sec1}
============

The MSTW2008 PDFs \[[@CR1]\] have been widely used in the analyses of hadron collider data. They were recently updated with an analysis performed in the same general framework, resulting in the MMHT2014 PDFs \[[@CR2]\], and accompany recent updates by other groups \[[@CR3]--[@CR6]\], with the CT, MMHT and NNPDF sets having been combined in an updated PDF4LHC recommendation \[[@CR7]\]. The MMHT 2014 PDFs were an improvement to the MSTW 2008 PDFs partially due to a number of developments in the procedures employed in the analysis. For example, we now use modified and extended parameterisations for the PDFs based on Chebyshev polynomials, and we allow freedom in the deuteron nuclear corrections, both these features being introduced in \[[@CR8]\]. This led to a change in the $\documentclass[12pt]{minimal}
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                \begin{document}$$d_V$$\end{document}$ distribution and an improved description of the LHC data for the *W* boson charge asymmetry. Additionally, we now use the "optimal" GM-VFNS choice \[[@CR9]\] which is smoother close to heavy flavour transition points, particularly at NLO. The correlated systematic uncertainties, which are important for jet data in particular, are now treated as multiplicative rather than additive. We have also changed the value of the charm branching ratio to muons used to $\documentclass[12pt]{minimal}
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                \begin{document}$$\pm 10~\%$$\end{document}$ \[[@CR10]\]. This feeds into the central value and the uncertainty of the strange quark PDF.

There are also a wide variety of new data sets included in the MMHT fit. These include *W*, *Z* cross sections from ATLAS, CMS and LHCb, differential in rapidity; Drell Yan data at high and low mass; and also data on $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _{t\bar{t}}$$\end{document}$ from the Tevatron and from ATLAS and CMS. At NLO we also include ATLAS and CMS inclusive jet data from the 7 TeV run, though we do not yet include these data at NNLO. Previous analyses have used threshold corrections for the Tevatron jet data, and we continue to include these data in the NNLO analysis. However, for jet data from the LHC we are often far from threshold, and the approximation to the full NNLO calculation is not likely to be reliable. The full NNLO calculation \[[@CR11], [@CR12]\] is nearing completion. There are also various changes in non-LHC data sets, for example we include some updated Tevatron *W* boson asymmetry data sets. The single most important change in data included is the replacement of the HERA run I neutral and charged current data provided separately by H1 and ZEUS with the combined HERA data set \[[@CR13]\] (and we also include HERA combined data on $\documentclass[12pt]{minimal}
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                \begin{document}$$F_2^c(x,Q^2)$$\end{document}$ \[[@CR14]\]). These are the data which provide the best single constraint on PDFs, particularly on the gluon at all $\documentclass[12pt]{minimal}
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However, in \[[@CR2]\] we decided not to include any separate run II H1 and ZEUS data sets since it was clear the full run I $\documentclass[12pt]{minimal}
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                \begin{document}$$+$$\end{document}$ II combined data would soon appear. This has now recently happened, and the data, and the accompanying PDF analysis, are published in \[[@CR15]\]. It was not stated in \[[@CR2]\] precisely when an update of MMHT2014 PDFs would be required. Significant new LHC data would be one potential reason, and the full NNLO calculation of the jet cross sections, effectively allowing a larger data set at NNLO, might be another. The potential impact of the final HERA inclusive cross section data was another factor in this decision, it being possible that these alone might produce a very significant change in either the central value of the PDFs or their uncertainties, or both. Hence, it is now obviously a high priority to investigate their impact.[1](#Fn1){ref-type="fn"} However, as well as just investigating the impact of the new data on the PDFs assuming a standard fixed-order perturbative treatment, it is also interesting to investigate the quality of the fit, and to see if it is possible to improve the quality in some regions of *x* and $\documentclass[12pt]{minimal}
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                \begin{document}$$Q^2$$\end{document}$ are not fit as well as they could be, so we first confirm that we also see this feature, and we also investigate, in a very simple manner, what type of corrections can solve this problem.

Fit to combined HERA data set {#Sec2}
=============================
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                \begin{document}$$Q^2$$\end{document}$ below this value, there are 1185 HERA data points with 162 correlated systematics and 7 procedural uncertainties. These are naturally separated into 7 subsets, depending on whether the data are obtained from $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$e^+$$\end{document}$ or $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$e^-$$\end{document}$ scattering from the proton, whether it is from neutral or charged current scattering, and on the proton beam energy $\documentclass[12pt]{minimal}
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                \begin{document}$$E_p$$\end{document}$. This is to be compared to 621 data points, separated into 5 subsets, with generally larger uncertainties, from the HERA I combined data used previously (though these data do have fewer correlated systematics). We first investigate the fit quality from the predictions using MMHT2014 PDFs and without performing any refit. We use the same $\documentclass[12pt]{minimal}
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                \begin{document}$$D_i+\sum _{k=1}^{N_\mathrm{corr}}r_k\sigma _{k,i}^\mathrm{corr}$$\end{document}$ are the data values allowed one to shift by some multiple $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _{k,i}^\mathrm{corr}$$\end{document}$ in order to give the best fit, and where $\documentclass[12pt]{minimal}
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                \begin{document}$$T_i$$\end{document}$ are the parametrised predictions. The results obtained are already rather good:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned}&\chi ^2_\mathrm{NLO} = 1611/1185 = 1.36 \,\mathrm{per point}.\\&\chi ^2_\mathrm{NNLO} = 1503/1185 = 1.27 \,\mathrm{per point}. \end{aligned}$$\end{document}$$This is to be compared to the result in \[[@CR15]\] with HERAPDF2.0 PDFs, which are fit to (only) these data. They obtain $\documentclass[12pt]{minimal}
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                \begin{document}$$Q^2_{\min }=2~\mathrm GeV^2$$\end{document}$, at both NLO and NNLO. Hence, we do not expect dramatic improvement to the fit quality from our predictions by refitting, particularly at NNLO. Next we perform a refit in the context of our standard global fit, i.e. we simply replace the previous HERA run I data with the new run I $\documentclass[12pt]{minimal}
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                \begin{document}$$+$$\end{document}$ II combined data. There are no procedural changes to the fit at all. The fit quality improves toThis is a significant, but hardly dramatic improvement (and much less than the improvement after refitting when HERA run I combined data were first introduced into the MSTW2008 fitting framework \[[@CR18]\]), i.e. the MMHT2014 PDFs are already giving quite close to the best fit within the global fit framework.Table 1The $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\chi ^2_\mathrm{HERA}$$\end{document}$NLO $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\chi ^2_\mathrm{global}$$\end{document}$NNLO $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\chi ^2_\mathrm{HERA}$$\end{document}$NNLO $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\chi ^2_\mathrm{global}$$\end{document}$Correlated penalty79.9113.673.092.1CC $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$e^+p$$\end{document}$3943.447.642.248.4CC $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$e^-p$$\end{document}$4252.670.347.059.3NC $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$e^-p$$\end{document}$ $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_p=920~\mathrm GeV$$\end{document}$159213.6233.1213.5226.7NC $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$e^+p$$\end{document}$ $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_p=920~\mathrm GeV$$\end{document}$377435.2470.0422.8450.1NC $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$e^+p$$\end{document}$ $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_p=820~\mathrm GeV$$\end{document}$7067.669.871.269.5NC $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$e^-p$$\end{document}$ $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_p=575~\mathrm GeV$$\end{document}$254228.7233.6229.1231.8NC $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$e^-p$$\end{document}$ $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_p=460~\mathrm GeV$$\end{document}$204221.6228.1220.2225.6Total11451342.61466.11319.01403.5

In order to compare more directly with the HERAPDF2.0 study we also fit to only HERA run I $\documentclass[12pt]{minimal}
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                \begin{document}$$+$$\end{document}$ II data. This requires us to fix four of our normally free PDF parameters in order to avoid particularly unusual PDFs. In practice the danger is a very complicated, and potentially pathological, strange quark distribution, which can fluctuate dramatically as HERA data do not have any direct constraint on the *s* and $\documentclass[12pt]{minimal}
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                \begin{document}$$\chi ^2$$\end{document}$ for the neutral current data at 920 GeV also shows some, albeit relatively lower, sensitivity to whether a global fit is performed.Fig. 1HERA $\documentclass[12pt]{minimal}
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                \begin{document}$$e^-$$\end{document}$ charged current data divided by theory for the local fit to HERA II combined data, and for the global fit including this data set. The shifts of data relative to theory due to correlated uncertainties are included. The data are shown at different values of *x*, as indicated on the *plot*

In Fig. [1](#Fig1){ref-type="fig"} we show the data/theory at NNLO for the $\documentclass[12pt]{minimal}
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                \begin{document}$$x=0.032, 0.08, 0.13$$\end{document}$, but generally undershoots it at higher *x*. These charged current data are mainly sensitive to the up (at high *x* valence) quark. Hence, in the global fit data other than HERA data, in practice largely fixed proton target DIS data, clearly prefer a different shape for the up quark. In particular, the HERA charged current data prefers a somewhat smaller/larger *u* quark at intermediate/larger *x* compared to the other global data. We will return to this in the next section.

Effect on the PDFs {#Sec3}
==================

Since the fit quality does not improve very significantly from the prediction using the MMHT 2014 PDFs we do not expect much change in the central value of the PDFs in the new global fit which includes the HERA I + II combined data. More change might be expected in the PDFs fit to only HERA data as then the main constraints on some types of PDF are lost. In Fig. [2](#Fig2){ref-type="fig"} we show the central values of the NNLO PDFs from the fits including the new HERA combined data, comparing them to MMHT2014 PDFs (with uncertainties) and the HERAPDF2.0 PDFs (also with uncertainties). The modified global PDFs are always very well within the MMHT2014 uncertainty bands.

Fig. 2Comparison between the up and down valence, gluon and light quark sea distributions at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Q^2=10^4~\mathrm GeV^2$$\end{document}$ for the standard MMHT2014 fit, with the corresponding PDF uncertainties, with the central values of the fit including the HERA combined data, as well as the fit to only this data set, shown as *dot-dashed* and *dashed curves*, respectively. Also shown are the HERAPDF2.0 distributions, including PDF uncertainties

The PDFs from the fit to only HERA run I $\documentclass[12pt]{minimal}
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Effect on benchmark cross sections {#Sec4}
==================================

In Table [2](#Tab2){ref-type="table"} we show NNLO predictions for benchmark *W*, *Z*, Higgs and $\documentclass[12pt]{minimal}
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To calculate the cross section we use the same procedure as was used in \[[@CR2]\]. That is, for *W*, *Z* and Higgs production we use the code provided by Stirling, based on the calculation in \[[@CR19], [@CR20]\] and \[[@CR21]\], and for top pair production we use the procedure and code of \[[@CR22]\]. Here our primary aim is not to present definitive predictions or to compare in detail to other PDF sets, as both these results are frequently provided in the literature with very specific choices of codes, scales and parameters which may differ from those used here. Rather, our main objective is to illustrate the effect that the combined HERA data has on the central values and uncertainties of the cross sections.

For *W*, *Z* production the central values of the predicted cross sections are only slightly affected by the inclusion of the HERA data, while there is some small, i.e. up to a few $\documentclass[12pt]{minimal}
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To get a clearer picture, we can look at the effect on the neutral current data/theory comparison. This is shown in Fig. [7](#Fig7){ref-type="fig"} with and without this correction applied. As seen in the left-hand plots there is a tendency to overshoot some of the highest *y* points, and while this is not eliminated entirely for all points by the correction, some tightening of the data/theory is evident and the scatter is more consistent with fluctuations. It is worth pointing out that some of the improvement in $\documentclass[12pt]{minimal}
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While it may be tempting to interpret the above result solely in terms of evidence for higher-twist corrections, it is important to emphasise that the contribution from $\documentclass[12pt]{minimal}
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Finally, we note that detailed examination of data against theory show that the theory predictions at high $\documentclass[12pt]{minimal}
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Conclusions {#Sec7}
===========

We have examined the impact of the final HERA combination of inclusive cross section data presented in \[[@CR15]\]. We notice that we already predict these data very well with MMHT 2014 PDFs, particularly at NNLO, and consequently their inclusion leads to very little impact on the central value of the MMHT2014 PDFs. The data do reduce the uncertainty in the PDFs, mainly the gluon, though this is more noticeable in the uncertainty for predictions of benchmark LHC cross sections than in PDF plots, with the uncertainty on Higgs production via gluon fusion being reduced to about 90 % of the previous uncertainty. PDFs obtained from a fit to only the HERA combined data can vary significantly from those from the global fit for some PDFs, but most, including the gluon and down distributions, are similar to the global fit. There is very little constraint on antiquark flavour decomposition. The combined HERA data do seem to prefer a larger up quark above $\documentclass[12pt]{minimal}
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Overall we conclude that the current PDFs, with very minor modifications, work extremely well for the final HERA data. The central values of the PDFs are changed very little by the data, even if corrections are added to the theory to improve the fit quality. The data have an impact on uncertainties of PDFs obtained in the global fit, but very largely due to an improvement in the gluon uncertainty. LHC cross sections sensitive to this can have a reduction in uncertainty to about $\documentclass[12pt]{minimal}
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                \begin{document}$$90~\%$$\end{document}$ of their previous values. We do not deem this to be a significant enough effect to warrant an immediate new update of PDFs -- there is an "uncertainty on the uncertainty" which is very likely of this order. Instead we prefer to wait for a more substantial update which will include the effects of e.g. full NNLO jet cross sections, NNLO corrections to differential top distributions \[[@CR26]\], and the inclusion of significantly more precise, varied, and higher energy LHC data sets.

Initial results were presented in \[[@CR16]\] and similar results were also found in \[[@CR17]\].
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                \begin{document}$$\chi ^2$$\end{document}$ for the HERAPDF2.0 fit is not identical. However, this should be a very small effect.
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